Efficient metabolism of nutrients through oxidative phosphorylation comes at a price. Billions years ago our remote ancestors let into cells intruders, living beasts with their double membrane and own genome, transcriptional and translational machinery, who are now known as mitochondria (see [1] for a recent review of endosymbi otic theory). And we are still puzzled -are they friends or foes? Sometimes they are killers, albeit useful, acting with surgical cleanliness through apoptosis [2 5]. They gave cells the ability to produce 36 molecules of ATP per mol ecule of glucose (instead of just two in glycolysis), but they came with a full sack of dangerous tools. To reach high efficiency, they managed to make nutrients release their chemical energy piecemeal -one little step for an ATP molecule, so to speak. Hence, there is a whole chain of redox carriers, which transfer reducing equivalents (in other terms, electrons) stepwise from the nutrients to oxygen. These redox carriers accept a single electron before they transfer it further, which makes them, in essence, free radicals, highly reactive as all free radicals. For all iron-sulfur centers, semiquinone forms of coen zyme Q and flavins the question is not "if" but "how fast" they can participate in side reactions giving potentially dangerous products, i.e. how fast they react with molecu lar oxygen, converting it into a superoxide radical. Thus, mitochondrial generation of reactive oxygen species (ROS) is a necessary evil, an inevitable consequence and, apparently, an inherent property of oxidative phosphory lation, the price that we pay for our energy efficiency.
BIOCHEMISTRY (Moscow) Vol. 80 No. 5 2015 This review is intended to highlight the progress in our understanding of mitochondrial ROS metabolism over the past 10 years. It is not all inclusive; we will only review the novel sources of ROS generation in mitochondria and recently discovered properties of their antioxidant system that that were not known 10 years ago. For earlier research in this field, we refer the reader to our own review [6] and many excellent reviews by others (e.g. [7 14] ) that cover about every aspect of ROS metabolism in mitochondria, as well as some novel tools to study it and to modify it. It should be understood that many aspects of ROS research are not adequately addressed due to lack of proper tech nology and/or over interpretation of experimental data. We will attempt to reflect critically upon some controver sies, disputes, and misconceptions that confound the field as related to the reviewed material.
MITOCHONDRIAL ROS PRODUCTION
The chemistry of mitochondrial ROS metabolism. Multiple reactions of ROS generation and removal com bined in an intricate network [6, 15] are intertwined with the core catabolic pathways, which results in very com plex responses to perturbations of the system. Nevertheless, from the chemistry view the subject appears complex but not too complicated. The basic initiating step in ROS production, single electron reduction of oxy gen, is likely a simple bimolecular elementary reaction and must therefore follow mass action law according to which the rate of reaction is proportional to concentra tions of reactants (but see the discussion on potential oxy gen binding site(s) below). This step is apparently the rate limiting step in the whole cascade; despite robust rates of generation, none of the downstream intermedi ates accumulates in appreciable quantities. Therefore, the kinetics of the first step should govern all downstream reactions.
The chemistry view allows easy resolution of some hotly debated issues, for instance, the quantitative rela tionship between rates of respiration and ROS produc tion. The answer is that, in general, these two rates are rather independent of each other. According to mass action law, the rate of a reaction is determined by reactant concentration and not by another rate. For the ROS pro duction reaction, in which one of the reactants is the reduced form of a ROS producing site (the second one being oxygen), the rate is proportional to the concentra tion of this reduced form (assuming that oxygen concen tration is constant). Increased reduction of the site may stem from factors that either stimulate (e.g. provision of a respiratory substrate) or suppress respiration (e.g. a tran sition of mitochondria from active to resting state, or an inhibitor acting downstream of the site). Conversely, decreased reduction of the site can also be caused by fac tors that either increase (e.g. uncoupling) or decrease res piration (e.g. an inhibition of substrate supply). Accordingly, ROS production and respiration can change in the same or in the opposite directions depending on the redox status of the ROS producing site.
Are there oxygen binding sites in ROS producing centers? This seemingly theoretical question may have important therapeutic significance. Indeed, the existence of high affinity binding sites for oxygen in ROS produc ing centers would indicate the possibility to map and pharmacologically target them for selective blocking ROS production without disrupting normal protein function. Boveris and Chance concluded that, under a variety of conditions, ROS production in mitochondria from heart and liver was not saturated with oxygen even at hyperbar ic levels [16] . Therefore, there is no special oxygen bind ing site in these reactions (technically, there was an exception: antimycin A induced production in heart mitochondria showed possible binding but with extreme ly low affinity; apparent K m ≈ 0.7 0.8 atm O 2 [16] , equiv alent to ~900 μM). This conclusion has been recently confirmed for Complex I and dihydrolipoamide dehydro genase (DLD) mediated ROS production [17 19 ]. On the other hand, Paul Brookes and coauthors reported Michaelis-Menten type kinetics for almost every known ROS production paradigm with K m values in the sub to low micromolar range (0.2 5 μM) [20, 21] . Unfortu nately, the obvious discrepancy with the Chance and Boveris study was not discussed, so we can only state that this important issue remains unresolved.
Is superoxide the primary ROS produced? The issue of oxygen binding sites is also related to another impor tant mechanistic question: what is the initiating step in ROS generation? Single electron reduction of oxygen to superoxide is generally believed to play the gateway role. However, for some ROS producing reactions immediate formation of hydrogen peroxide (two electron process) was proposed, e.g. for monoamine oxidase and dihy droorotate dehydrogenase (DHO DH). Indeed, it is hard to conceive for a single electron carrier (iron-sulfur clus ter or semiquinone) transfer of two electrons in a random collision reaction. Therefore, oxygen has to be bound in the ROS producing center for a time necessary for an electron donor to donate the first electron, and then receive and donate the second one before releasing the product, in this case, hydrogen peroxide.
The difficulty in distinguishing superoxide and hydrogen peroxide production is that superoxide is high ly reactive and rapidly dismutates in non enzymatic and/or superoxide dismutase (SOD) catalyzed reactions, thus generating hydrogen peroxide indirectly. Direct quantitative measurement of superoxide is notoriously difficult and requires a robust detection system that effec tively outcompetes the dismutation process.
Two groups have developed experimental protocols to discriminate superoxide and hydrogen peroxide pro duction and applied them to studies of Complex I.
BIOCHEMISTRY (Moscow) Vol. 80 No. 5 2015 Detailed kinetic study of ROS production by purified Complex I demonstrated that both superoxide and, to a lesser extent, H 2 O 2 can be generated in the absence of the natural electron acceptor, coenzyme Q (ubiquinone). At saturating concentrations of superoxide reactive acetylat ed cytochrome c, residual hydrogen peroxide generation constituted ~10% of the total, thus representing apparent direct generation [18] .
Using a more intact system of submitochondrial particles (inside out fragments of mitochondrial mem brane), Grivennikova and Vinogradov investigated the relative contribution of H 2 O 2 and superoxide to ROS generation by membrane bound Complex I. They have demonstrated that superoxide and H 2 O 2 generation are distinct processes with different kinetic and redox char acteristics. The optimal NADH concentration for super oxide production was found to be in the range of 10 50 μM, while increasing NADH concentration to the millimolar range strongly inhibited superoxide genera tion. In contrast, direct H 2 O 2 production was relatively insensitive to high NADH levels, but was negligible at low micromolar (<3 μM) NADH. Based on the differential dependence of superoxide and hydrogen peroxide pro duction on ambient redox potential (clamped using a NAD + /NADH couple), the authors hypothesized that superoxide and hydrogen peroxide originate from two different sites within Complex I [22] . It appears that, in contrast with isolated protein [18] , the relative contribu tion of superoxide to total ROS production by membrane bound Complex I may not exceed 1/3 (and drops even more at physiologically relevant millimolar concentra tions of NADH [22] ). This assessment, however, will be eventually dependent on affirmation of the robustness of superoxide detection systems that produced the conflict ing results [18, 22] .
Understanding the nature of primary mitochondria derived ROS and their relative contributions might be as important as the identification of ROS generation sites. From a therapeutic standpoint, if hydrogen peroxide is indeed a major species directly generated by mitochon dria, SOD mimetics would have limited efficacy in alle viating oxidative stress, and the focus should be shifted to catalase mimetics instead.
Are mitochondria a "major" source of ROS produc tion? It is conventionally accepted that mitochondria are a major if not the main source of oxidative stress in the cell. However, this notion was critically assessed several years ago in a thorough review by Brown and Borutaite [23] with the conclusion that liver tissue mitochondria are a significant but not the main source of ROS, whereas there were no convincing data to argue either way for other tissues and cell types. It should be noted, however, that the maximal achievable rates of ROS production might be irrelevant for this assessment. Unlike inducible sources of ROS (e.g. NOX enzymes), ROS production in mitochondria is a byproduct of core metabolism of the cell that cannot be easily down regulated without under mining cell function. In our view, it is not the maximal capacity to produce ROS but overall persistence that potentially renders mitochondria one of the more signifi cant sources of endogenous ROS in cells.
The fact that mitochondria can serve as a net sink rather than net source of ROS ( [15, 24] and references therein) does not completely eliminate the harm from mitochondria generated ROS. The ROS removal acts only on the ROS that is actually present at non zero con centration. In turn, a non zero concentration of ROS will necessarily cause a non zero rate of cell damaging reac tions. Moreover, no matter how high the ROS removal capacity is, any increase in ROS generation will result in rising ROS concentrations and a consequent increase of the damage, unless, of course, ROS removal is actively upregulated in response.
It should be noted that, although mitochondrial ROS production is often studied under non physiological conditions, such as in the presence of inhibitors or with induction of resting state, these are just experimental approaches to maximize the responses for purposes of detection and to probe the mechanisms. Once the mech anisms are established, we can infer to what degree they are engaged under more physiological conditions where direct measurements of ROS production might be diffi cult. For example, due to a very negative standard redox potential of the proximal (possibly, Complex I, or dihy drolipoamide dehydrogenase) sites of ROS production, their full activity requires a hyper reduced state of mito chondria. However, the redox status of these sites follows Nernst's law, which means that it could only asymptoti cally approach but never reach a completely oxidized state. In other words, under physiologically relevant, rather oxidized conditions, ROS producing activity from these sites is guaranteed. This activity is at the limit of detection of current methods, but it can be calculated from the redox properties of the sites. In addition, under pathophysiological conditions, mitochondrial ROS pro duction from the proximal site(s) might be excessively activated. A recent in vivo study from Michael Murphy's group has demonstrated that ROS production driven by reverse electron transport from succinate to the NADH pool, one of the classic paradigms for activation of the proximal site(s), is strongly increased in ischemia-reper fusion injury [25] .
We can rather certainly rule out the possibility that mitochondrial ROS production at these proximal sites is a mere artifact of inhibitors "warping" electron carriers and causing them "to leak". First, ROS production can be activated in the absence of inhibitors, by placing mito chondria in State 4, removing cytochrome c [26] or, for isolated enzyme, removing coenzyme Q [18] . Second, ROS production from the proximal sites can be elicited not only by Complex I inhibitors but also by inhibitors of Complex III (stigmatellin, myxothiazol, and antimycin BIOCHEMISTRY (Moscow) Vol. 80 No. 5 2015 A). Third, the dose-response of ROS production to the Complex I inhibitor rotenone is strongly shifted from the dose-response of respiration (that reflects inhibitor bind ing to the enzyme) -~90% inhibition of Complex I is required to elicit just 10% of maximal ROS production [26] .
On the role of respiratory Complexes I and III. Conventionally, Complex I and Complex III (Fig. 1) are considered the major contributors to ROS production. However, localizing ROS producing activity to a specific site is quite uncertain in intact mitochondria. What is commonly called Complex I mediated ROS production might originate not only from Complex I itself but also from any of NAD + linked oxidoreductases in the mito chondrial matrix. For example, a major ROS producing activity of the DLD component of α ketoglutarate and pyruvate dehydrogenases was convincingly demonstrated in several laboratories [27 34 ]. These sites require highly negative redox poise for complete activation, so we prefer to call this activity hyper reduction mediated ROS gen eration.
Dispelling this ambiguity, however, recent progress has provided compelling evidence confirming a robust ROS producing site in Complex I itself. It has been shown that redox properties of a ROS producing site in both isolated enzyme [18] and membrane bound enzyme in submitochondrial particles [22] closely resemble the site that was earlier characterized in intact mitochondria [26] . Its ability to produce ROS driven by both direct and reverse electron flow has also been recapitulated [35, 36] . Persistence of the same activity in the experimental sys tems with different degrees of complexity dispels con cerns about an artifactual activity of isolated enzyme on one hand, and the ambiguity of site localization on the other.
Despite the attempts to create a unifying concept [35] or a consensus model [37] , the community is still in a disagreement on what is the site(s) of ROS production within Complex I. In our opinion, the pivotal point should be the properties of ROS producing center in intact mitochondria [26] as existing in the closest to a natural environment. Our analysis of the literature prompts us to conclude the following.
First, a flavosemiquinone radical should be ruled out, because no characteristic bell shaped dependence on ambient redox potential ( Fig. 1 in [38] ) was observed in any of the studies [18, 22, 26, 35, 36] .
Second, iron-sulfur cluster N2 should be ruled out because of its high midpoint redox potential (between -20 mV [39] and -50 to -150 mV [40] ), conditions under which less than 0.01% of maximal ROS produc tion should be occurring for the site identified in intact mitochondria [26] . Similarly, it is inconsistent with redox properties of isolated [18] and membrane bound [22] enzyme (midpoint potentials -360 and -338 mV, respectively). Additionally, a shift towards the oxidized state of the site accompanies increased ROS production [37] .
Third, reduced flavin [18, 35] has a correct midpoint potential but is a two electron carrier and is, therefore, inconsistent with n = 1.18 obtained with intact mito chondria [26] . However, the slopes of redox titration curves are usually poorly resolved [18, 22] , so that flavin might become a viable possible site.
Fourth, N 1 iron-sulfur center(s) remain the best candidates for the ROS producing site. It has been previ ously suggested to be the N 1a cluster [26] based on the original description of this cluster [39] . However, this cluster remains silent in many cases, apparently because of an even more negative midpoint potential than origi nally thought [40] . On the other hand, cluster N 1b becomes reduced in the correct range of redox potentials in an isolated Complex I [18] , and can therefore be an alternative candidate for the ROS producing site of Complex I.
The site conventionally referred to as the Complex III site is actually just the semiquinone form of coenzyme Q. It has been proposed [41] and widely accepted that this semiquinone is tightly bound to the so called "O" site in Complex III. In contrast, we have proposed [6] , based on redox properties of this site, that it is a free (or loosely bound to any available binding site) semiquinone in equi librium with both reduced and oxidized coenzyme Q that acts as the actual ROS producing site. Additionally, given structural similarity of all three redox forms of quinone, it seems highly unlikely that one of them (semiquinone) is tightly bound while two others are freely exchangeable. Accordingly, we propose to refer to this site simply as the Q site of ROS production. Semiquinone formation has a bell shaped dependence on redox potential, and there fore, depending on the initial redox poise, activation of this site can require either reduction or oxidation. There are multiple oxidoreductases that feed electrons to the coenzyme Q pool (Complex I, succinate dehydrogenase, glycerol 3 phosphate dehydrogenase, dihydroorotate dehydrogenase, electron transferring flavoprotein (ETF), ETF ubiquinone oxidoreductase, etc.). All of these enzymes might be capable of activating the Q site of ROS production in addition, or as an alternative, to their pro posed intrinsic ROS producing activities. In our opinion, perturbations of the coenzyme Q redox state must be assessed as a part of inhibitor analysis to probe the intrin sic ROS producing capabilities of the ubiquinone linked oxidoreductases. Succinate dehydrogenase. The ability of succinate dehydrogenase (Complex II, CII) to generate ROS had been debated in the past (see [42] and references therein). It was concluded [42] that CII can be a substantial source of ROS both in situ (intact COS7 cells) and in vitro (bovine heart submitochondrial particles). The reasoning was based on the effects of antimycin A and inhibitors of CII on succinate driven ROS production (see Fig. 1 ). The source of ROS was ascribed to stabilized ubisemiquinone at the CII quinone binding site. The for mation of this CII bound semiquinone in isolated CII + CIII is, somewhat paradoxically, enhanced by antimycin A (a CIII inhibitor that is implicated in ROS generation conventionally attributed to CIII -the Q site ROS pro duction, see above) but is abolished by CII inhibitors, such as thenoyltrifluoroacetone (TTFA) and carboxins [43] . Accordingly, the observed ROS suppression by the CII inhibitors was attributed to semiquinone bound to CII [42] . It should be noted, however, that CII inhibitors are supposed to block electron provision to coenzyme Q regardless of its association, or lack thereof, with CII (or with the "O" site in CIII). The authors also speculated that the CII flavin could be involved in ROS generation [42] . However, interpreting their data is difficult because of the detection system used. Dichlorofluorescin diac etate (DCF DA) in the absence of horseradish peroxidase (HRP) was employed despite the fact that HRP increased the apparent rate of ROS production approximately 7 fold [42] , demonstrating that peroxidase activity of mito chondria (rather than their ROS producing activity) was the rate limiting step.
Recently, more rigorous assessment of ROS genera tion at CII site was done by the groups of Brand (in intact mitochondria) [44] and Drose (in bovine heart submito chondrial particles) [45] . The former study identified a specific set of conditions under which CII in isolated rat skeletal muscle mitochondria generated H 2 O 2 with a sig nificant (~1 nmol/min per mg protein) rate. These con ditions include a low concentration of succinate (with peak ROS production at 0.4 mM [44] ) and an inhibited respiratory chain downstream of CII. The inhibition was achieved either with inhibitors of CIII [44, 45] or with atpenin A5, which prevents electron transfer from CII to the ubiquinone pool [45] . The latter inhibitor is very spe cific to CII and much more potent (with K i~ 0.004 μM) than inhibitors that were used in earlier studies (TTFA, carboxins). Atpenin A5 presumably binds to a region that partially overlaps with the coenzyme Q binding site in CII, such that the inhibition of ubiquinone reduction can be 100% effective, whereas inhibition of CII "dehydroge nase" activity (reduction of an artificial acceptor in assays of the enzymatic activity) is potent but incomplete even at 10 μM [46] .
The ROS production in the presence of CIII inhibitors is completely suppressed by malonate (which competes for the succinate binding site, thereby prevent ing the flow of electrons into CII) and is inhibited by approximately 50% by atpenin A5 [44] . This indicates at least two sources of ROS production -one in CII itself and another in the coenzyme Q pool. Consistently, the CIII inhibitor stigmatellin causes an approximately three times greater succinate driven ROS production than atpenin A5 [45] , indicating larger contribution of the ubiquinone pool in comparison to CII. Thus, the inhibitory effect of atpenin A5 in the presence of CIII inhibitor is apparently a (larger) decrease in ROS produc tion in the coenzyme Q pool superimposed on a (smaller) increase in CII. Although Quinlan and coauthors reached a paradoxical conclusion that all succinate driven ROS production comes from CII [44] , the complex effects of atpenin A5 place their line of reasoning in question, espe cially given the inhibitory effects on the "dehydrogenase" activity [46] of CII.
Inhibition by excess succinate suggests that ROS production occurs only when the succinate binding site is not occupied by substrate [44] . This conclusion was cor roborated in the study by Siebel and Drose [45] that demonstrated that CII ROS generation was diminished by all dicarboxylates that are known to bind to the sub strate binding site of CII. Consistently, the inhibition of ROS production by malonate was shown to be noncom petitive with succinate [44] .
CII can also produce ROS in the reverse reaction, when the electrons are supplied to CII from the reduced ubiquinol pool [44] . This reaction is equally sensitive to atpenin A5 and malonate, implicating reduced flavin adjacent to the succinate binding site as the primary site of ROS production in CII [44] .
The CII specific ROS generation is unaffected by the redox state of the Q pool and the activity of other res BIOCHEMISTRY (Moscow) Vol. 80 No. 5 2015 piratory chain complexes. The estimated composition of ROS produced in this reaction was approximately 75% H 2 O 2 and 25% superoxide [45] . However, reliability of this estimate will depend on affirmation of the robustness of the superoxide detection system.
Although the complex mechanism of ROS produc tion by SDH can be debated, it might be most important to note that the robust ROS production by this enzyme occurs under a very restrictive and internally conflicting set of conditions (a high degree of reduction of CII elec tron carriers induced by inhibitors acting downstream and, at the same time, a low concentration of substrate providing reducing equivalents). Omission of the inhibitors leads to greatly diminished [44] or completely abolished [45] contribution of CII generated ROS. Also, it was reported that at least in experiments with isolated rat heart, muscle, or liver mitochondria, CII did not pro duce superoxide or H 2 O 2 under "normal" incubation conditions [47] .
Thus, the question that remains is how relevant are those restrictive conditions to metabolism and physiolo gy? Estimated succinate concentrations in cells/tissues are in the range of 0.1 0.4 mM [15] , appropriate for ROS production in CII. Hyper reduction of CII might happen in tissue hypoxia or ischemia when oxygen is limiting. However, succinate is known to accumulate many fold under such conditions (up to 10 15 mM) [15, 25] . Similarly, succinate is reported to accumulate during inflammation [48] . Even under normal conditions, succi nate concentration exhibits several fold fluctuations from 0.3 to 1 mM in perfused heart; it also accumulates in muscle tissue during exercise [15] . This should preclude ROS generation. Additionally, this site of ROS produc tion is sensitive to other dicarboxylic intermediates of the tricarboxylic acid cycle [45] , so the overall suppression by ligand binding might be even greater. These ligands would also inhibit provision of reducing equivalents to CII fur ther minimizing ROS production.
From a mechanistic standpoint, blocked electron flow in the presence of inhibitors both up and down stream of CII renders the conditions of ROS production near equilibrium. Therefore, thermodynamic control must play the major role in its regulation. Unfortunately, thermodynamic characterization of the ROS producing site(s) (redox potential, etc.) is currently lacking, severe ly limiting our understanding of ROS production in CII.
Dihydroorotate dehydrogenase. Existence of an intrinsic ROS generating site within the mitochondrial enzyme DHO DH has been a subject of debate for nearly three decades. Generation of ROS during oxidation of dihydroorotate (DHO) by rat liver mitochondria was first inferred in 1974 from SOD dependent inhibition of the dehydrogenase activity in the presence of an artificial electron acceptor [49] . Originally, the superoxide genera tion was attributed directly to a site within DHO DH [49, 50] based on its inhibition by orotate, the product and competitive inhibitor of DHO DH, but not by the respi ratory chain inhibitors antimycin A or TTFA, suggesting a site alternative to known sites in the electron transport chain (ETC) [50] . However, in a follow up study that used cytochrome c as acceptor [51] , TTFA and antimycin A eliminated the SOD effect. These results were used to argue that superoxide generation occurred in the ETC (primarily at CIII) rather than in the DHO DH. Methodological limitations and lack of appropriate inhibitors led to ambiguity of these conclusions. Nonetheless, the hypothesis of ROS production by DHO DH remained viable and re emerged in studies with iso lated enzyme. Along with a dehydrogenase activity, in the absence of coenzyme Q, isolated DHO DH displayed a pronounced "DHO oxidase" activity [52] . Direct assay using dichlorofluorescin (DCF) + horseradish peroxidase (HRP) detection system demonstrated that in this reac tion, oxygen was reduced to H 2 O 2 , and the activity equaled about 10% of DHO DH activity [52] . Staining for H 2 O 2 was positive in the presence of DHO in histochem ical samples from various tissues [53] . However, it remained unclear to what extent this activity would engage in intact mitochondrial membrane and whether it is identical to ROS producing activity of intact mito chondria.
Recently, Brand and coworkers [54] separated two components of ROS generation linked to DHO oxida tion. In skeletal muscle mitochondria, where the level and activity of the enzyme are so low that DHO depend ent oxygen consumption could not be detected, they were able to detect measurable DHO dependent H 2 O 2 produc tion. Based on sensitivity to specific inhibitors malonate and atpenin A5, it was concluded that the majority of ROS apparently originated from CII [54] . The rate of superoxide/H 2 O 2 generation attributed to DHO DH itself (~20 pmol/min per mg protein) constituted less than 10% of the total rate. Based on the inhibitory effect of bre quinar that blocks electron transfer between the flavin and ubiquinone binding site of DHO DH, the authors concluded that the site of ROS generation is the ubiquinone binding site [54] . However, brequinar has been shown to block normal dehydrogenase activity (electron transfer from DHO to coenzyme Q) but not the ROS producing "DHO oxidase" activity of isolated enzyme [52] , rendering this conclusion controversial. Since ROS producing "DHO oxidase" activity is differ entially distributed among tissues [53] , the contribution of ROS from the putative DHO DH site to overall mito chondrial ROS emission requires further investigation.
ROS generation during DHO oxidation, either directly by DHO DH or linked to its catalytic activity, might have therapeutic relevance to diseases involving dysregulation of apoptosis. Hail and coauthors [55] demonstrated that various transformed cells expressing DHO DH were prone to undergo apoptosis induced by fenretinide, a potential anticancer drug with prooxidant effects, while cells lacking detectable DHO DH expres sion (such as SW480 colon cancer cells) were resistant to the cytotoxic effects of the drug. Moreover, downregula tion or chemical inhibition of DHO DH in cancer cell lines reduced fenretinide induced ROS generation and apoptosis, while the effect on mitochondrial respiration was relatively small [55] . p66 shc . The novel and intriguing putative source of ROS in mitochondria that was discovered during the last decade is senescence related protein p66
shc . It is the first example of a ROS producing site that is imported to mitochondria, where it is activated. This protein is pro posed to be normally cytosolic but to translocate to mito chondria upon oxidative stress induced phosphorylation at Ser36 by protein kinase Cβ and recognition by prolyl isomerase Pin1 [56] . Consistently, the corresponding ROS producing activity is undetectable in mitochondria from control animals but is triggered by their injection with CCl 4 [57] . The S36D mutant that mimics Ser36 phosphorylated p66
shc is capable of causing ROS genera tion in intact mitochondria [58] as opposed to wild type protein that interacts with mitoplasts, mitochondria devoid of the outer membrane [57] . The magnitude of this activity is comparable to the most potent classic ROS producing mechanism (the Q site) and can reach 10 nmol/min per mg protein [57] .
The original study provided some data arguing that in model systems p66 shc could interact with cytochrome c, accept electrons from it, and donate them to oxygen, thus serving as the site of ROS production [57] . This site has a rather positive midpoint potential estimated to be -35 mV [57] . It should be noted, however, that this value is apparently relative to saturated calomel reference electrode (SCE), as the cytochrome c midpoint potential measured in the same experiment was +17 mV. Given the textbook value of the midpoint potential for SCE equal to +244 mV [59] , the standard midpoint potential of p66 shc can be estimated as approximately +209 mV (rela tive to standard hydrogen electrode conventionally used as the reference point in mitochondrial bioenergetics). This is by far the most redox positive site that must be capable of producing ROS virtually independently of redox poise of the core metabolic pathways in mitochon dria (i.e. producing ROS equally under the most reduced and most oxidized conditions).
Surprisingly, however, in the 10 years after the origi nal report there has been very little direct corroboration of the behavior of this potential ROS site, despite the fact that the original studies left some questions open.
First, the localization of the protein to mitochondri al intermembrane space necessary for its interaction with cytochrome c was not convincingly demonstrated. The bulk of this protein appears in the microsomal (mainly endoplasmic reticulum (ER)) fraction, and its distribu tion among differential centrifugation fractions mirrors exactly the distribution of the ER marker calnexin [57] . It is impossible, therefore, to conclude whether the p66 shc detected in mitochondrial fraction resides in mitochon dria or in contaminating ER. Its apparent increase in the mitochondrial fraction upon oxidative stress [57] could be either due to real translocation, upregulated ectopic expression (evident from Fig. 4E in [56] ), or tighter asso ciation of ER and mitochondria. There has been no attempt to further purify the mitochondrial fraction using a density gradient. The effect of digitonin that normally releases intermembrane space proteins was marginal at best. On the other hand, the very fast (tens of seconds) response of mitochondria with intact outer membrane to exogenously added Ser36Asp mutant protein [58] might indicate that the true interacting partner of p66 shc is out side of mitochondria.
Second, dichlorofluorescin diacetate (DCF DA) was employed to assay ROS production in mitochon dria/mitoplasts. This probe, typically used in intact cells rather than mitochondria, relies on two cellular catalytic activities prerequisite for its reactivity with hydrogen per oxide (see discussion of DCF DA below). The observed atypically nonlinear probe responses [57, 58] indicate some deficiencies in the assay.
Third, it is not clear what prosthetic group, if any, underlies the redox cycling of p66 shc . It cannot be a heme because it does not show on the absorption spectrum [57] . There is just one cysteine residue (Cys81) in the sequence proposed to be the redox center -not enough to form an iron-sulfur center, and the high redox potential of the protein is inconsistent with the reactivity of the cysteine thiol group itself. Fourth, the model states that p66 shc accepts electrons from reduced cytochrome c and donates them to oxygen. However, this mechanism clearly does not work if only these two components are present, and additionally, cop per ions are required [57] . Copper ions also appear to be indispensable for the reaction in the presence of intact mitochondria and the Ser36Asp p66 shc mutant [58] . Fifth, the proposed binding site for cytochrome c has more cationic than anionic residues and is, therefore, likely to carry a net positive charge. This should lead to a repulsion of the positively charged cytochrome c rather than its binding. It also presents a stark contrast to con ventional models of cytochrome c binding in which the positively charged surface of cytochrome c electrostati cally interacts with negatively charged binding sites of its partners (e.g. see [60] and references therein). Also, it should be noted that the difference in voltammetric curves between p66 shc alone and in combination with cytochrome c (Fig. 3A vs 3B in [57] ) could be due to dis placement of p66 shc by cytochrome c rather than their binding. Indeed, the p66 shc + cytochrome c curve is very similar to the one with cytochrome c alone; a modest dif ference in the apparent redox potential is well within vari ability of the assay (see cytochrome c curves on On the other hand, there is a large body of literature describing cell based and in vivo phenomenology consis tent with the proposed pro oxidant function of p66 shc (for review, see [61, 62] ). The involvement of a mitochondrial oxidative stress component in the cell responses was assessed using mitochondria targeted antioxidants, so called SkQs ("Skulachev Qs"), and demonstrated a 20 40% saturable protection [63] . In our opinion, this is the higher limit for the mitochondrial contribution to p66 shc mediated oxidative stress. Given the significant role of p66 shc in determining longevity and susceptibility to dis ease like cancer and diabetes, it appears important to resolve the outstanding mechanistic issues in the mito chondrial prooxidant function of this protein.
MITOCHONDRIAL ROS SCAVENGING
Significant progress has been made since 2005 in studies of the enzyme based mitochondrial ROS defense system. The components of this system are reasonably well defined; it can be divided into three "branches" (Fig. 2) . The first is independent of reducing equivalents for ROS decomposition activity, and includes superoxide dismu tase 2 (MnSOD) and catalase. The second branch depends on thioredoxin (Trx) and thioredoxin reductase (TRx2) for regeneration after the reaction with ROS, and also includes peroxiredoxins 3 and 5 (Prx3 and Prx5), which are located in the mitochondrial matrix. The third branch depends on glutathione (GSH) and glutathione reductase (GR) to regenerate GSH, and consists of glu tathione peroxidase 1 (GPx1; Fig. 2 ), glutathione peroxi dase 4 (GPx4), and glutaredoxins (not discussed in this review and not shown on Fig. 2 for clarity; see [6, 15] for details). The latter two branches ultimately depend on NADPH, which in turn is regenerated by three matrix located enzymes, namely isocitrate dehydrogenase (NADP + linked), malic enzyme, and the transhydroge nase (Fig. 2) [6, 15] . It is not known which of these three enzymes contributes the most to the regeneration of NADPH in mitochondria, and this likely depends on their expression level in various tissues and on specific metabol ic conditions [64] . Pharmacological inhibition of transhy drogenase in isolated rat brain (but not liver) mitochon dria significantly decreased their ability to scavenge H 2 O 2 in the presence, but not in the absence of respiration sub strates [65] . On the other hand, mice with a natural muta tion that ablates the transhydrogenase completely (C57Bl/6J strain [66, 67] ) have no particular oxidative stress linked phenotype, thereby implying that the trans hydrogenase is disposable as a source of NADPH. It is worth noting that this specific strain of mice is one of the most frequently used in various studies and for creating transgenic animals, with no attention paid to the fact that one of the three mitochondrial NADPH regenerating enzymes is absent from these animals.
MnSOD. This enzyme has long been regarded as a simple non regulated superoxide scavenger that dismu tates superoxide to H 2 O 2 . However, it was found that the activity of MnSOD can be modulated by a sirtuin (SIRT3) that is also located in the matrix of mitochon dria. SIRT3 can significantly increase the activity of MnSOD by deacetylating Lys122, which is evolutionarily highly conserved [68 70] .
Catalase. In addition to rodent heart mitochondria that were shown to contain a modest amount of catalase (~20 U/mg protein [71] ), this enzyme had been found in the matrix of liver mitochondria (~825 U/mg protein [72] and ~1100 U/mg protein or 80 μg/mg protein in Percoll purified mouse liver mitochondria; our unpublished results). Some trace amounts have also been measured in mouse brain mitochondria (purified by Percoll gradient, 1.8 U/mg or 72 ng/mg mitochondria [24] ). Due to its low content, it is unlikely that catalase plays a significant role in decomposing H 2 O 2 in heart and brain mitochon dria; however, it is most likely important in protecting liver mitochondria against H 2 O 2 [72] .
Glutathione peroxidase 1 and peroxiredoxins. The former enzyme (GPx1) had long been considered as one of the major H 2 O 2 scavengers, despite earlier estimates that it detoxifies only approximately 15% of H 2 O 2 pro duced in mitochondria [73] . However, a few recent stud ies strongly challenged the importance GPx1 in H 2 O 2 scavenging, placing the emphasis on mitochondrial "oxin" enzymes (peroxiredoxins, thioredoxin, thioredox in reductase). Mitochondria from nearly all mammalian tissues contain two peroxiredoxins (Prx3 and Prx5), thioredoxin (Trx2), and thioredoxin reductase 2 (TrxR2) (Fig. 2) . Based on its very high rate constant for the reac tion with H 2 O 2 (comparable with that of catalase) and plentiful abundance in the matrix of mitochondria (~60 μM), Prx3 had been proposed as the major mito chondrial H 2 O 2 scavenging enzyme [74] . Considering the known reaction rate constants and abundance of enzymes, Cox and colleagues proposed that 99.9% of H 2 O 2 in the mitochondrial matrix could be metabolized by only four enzymes -Prx3 (~60 μM, rate constant k = 2·10 7 M −1 ·s −1 , K m for H 2 O 2 < 20 μM, 90%), GPx1 (2 μM and k = 6·10 7 M −1 ·s −1 , 9%), Prx5 (20 μM and k = 7·10 7 M −1 ·s −1 , 0.45%), and glutathione peroxidase 4 (GPx4, not shown on Fig. 2 ; 2 μM and 3·10 6 M −1 ·s −1 , 0.45%) [74] . Typical 2 Cys peroxiredoxins, such as Prx3, catalyze utilization of H 2 O 2 in two reaction steps. First, H 2 O 2 reacts with the so called peroxidase cysteine residue in the protein to form a sulfenic acid (Cys p SOH), which condenses with the so called resolving cysteine of the second enzyme subunit to form an intermolecular disul fide bond. Second, the oxidized form of mitochondrial Prx is reduced back to the native state by Trx2, which is itself reduced by TrxR2 (Fig. 2) . It should be noted that rate constants for the reaction of mitochondrial peroxired oxins with Trx2 have not been determined [74] , but likely are much slower than the rate of their reaction with H 2 O 2 . In addition, Trx2 is present in mitochondria at a much lower concentration than Prx3 (cf. [74] ). Another impor tant feature of Prx3 is that in the presence of excess H 2 O 2 , the enzyme is very sensitive to oxidative inactivation ("hyperoxidation"). This happens upon oxidation of Cys p SOH by a second H 2 O 2 , forming a sulfinic acid derivative (Cys p SO 2 H) that is enzymatically inactive (however, Prx5 is insensitive to hyperoxidation) [74] . Hyperoxidized peroxiredoxins are restored by ATP dependent sulforedoxin in a very slow (k cat = 0.18 min −1 ) reaction.
Altogether, these features place in question whether mitochondrial peroxiredoxins are actually capable of sus tained H 2 O 2 removal under conditions of continuous endogenous H 2 O 2 generation or upon an exogenous H 2 O 2 challenge, when the recycling rate should become an important factor [74] . Nevertheless, several studies seem to corroborate the prevalence of "oxins" over GPx1 in detoxifying mitochondria generated H 2 O 2 . Patel's group [75] reported very high rates of H 2 O 2 scavenging by brain mitochondria, ~9 12 nmol H 2 O 2 /min per mg protein, which is ~100 times higher than the highest rate of ROS generation by brain mitochondria oxidizing NAD + linked (physiological) substrates (~0.06 0.1 nmol/min per mg [15] ). Inhibition of GPx1 had no consequence on the rate of H 2 O 2 conversion, whereas inhibiting TrxR2 or oxidative inactivation of Prx3 resulted in a significant inhibition of H 2 O 2 utilization rate (80 and 50%, corre spondingly) [75] . The results from a more recent study [24] are in a very good agreement with those published by Drechsel and colleagues [75] . It was also shown that brain mitochondria isolated from GPx1 ablated mice [76] exhibited exactly the same rates of H 2 O 2 removal as wild type mouse brain mitochondria [15] . An additional argu ment in favor of a limited role of GPx1 in ROS defense is Fig. 2 . Mitochondrial ROS removal system. a) General scheme of enzymatic mitochondrial ROS removal system. b) Contribution of indi vidual enzymes to ROS removal. See text for details. MnSOD, manganese containing superoxide dismutase 2 (SOD2); Prx3, peroxiredoxin 3; Prx5, peroxiredoxin 5; GPx1, glutathione peroxidase 1; GSH, glutathione; GSSG, glutathione disulfide (oxidized glutathione); Trx2 red, thioredoxin 2, reduced; Trx2 ox, thioredoxin 2, oxidized; TrxR2, thioredoxin reductase 2; TH, transhydrogenase; GR, glutathione reductase; ME, malic enzyme; IDH, isocitrate dehydrogenase, NADP + linked; ΔΨ, membrane potential. For the characteristics of individual enzymes and more details, see [6, 15, 74 that GPx1 ablated mice were healthy and fertile and showed neither an increased sensitivity to hyperoxia, nor an increased burden of oxidative stress markers [76] . Thus, it seems that mitochondrial "oxins" play the major role in removal of H 2 O 2 , whereas the GSH dependent system likely plays a different role, e.g. preventing "oxins" from hyperoxidation or removing small organic hydroperoxides (although Prx5 can decompose the latter even more efficiently than H 2 O 2 ) [77, 78] .
MITOCHONDRIAL ROS EMISSION. THE UNCERTAINTY PRINCIPLE
The appreciation that mitochondria are at the same time both a source and a sink for ROS is becoming increasingly common. On the other hand, an oversimpli fied view of the ROS emission as a difference between ROS generation and removal in mitochondria is also tak ing root. The latter implies that there is a certain portion of the produced ROS that is "emitted" into surrounding milieu. In fact, however, the ROS removal is so efficient that mitochondria act predominantly as a sink ( [24] and references therein), and no detectable accumulation of ROS occurs in intact isolated mitochondria [6] .
Of course, an apparent ROS emission by isolated mitochondria is readily detectable using various probes (e.g. Amplex Red + HRP, etc.). However, it is important to realize that any efficient ROS detection system per turbs the natural state of ROS metabolizing pathways. Any ROS detection system is in essence an "antioxidant", actively competing for ROS with the ROS removal path ways. It, therefore, overestimates the magnitude of ROS emission by mitochondria. In other words, the observable ROS emission is an artifact of the presence of the detec tion system. Nevertheless, it is useful for practical pur poses as an easy integral readout of the net result of inter play between ROS generating and utilizing pathways. This assessment is a semiquantitative relative measure of the changes or differences between different states of the same sample or between different samples of mitochon dria. However, it is meaningful only if the activity of the detection system is kept constant.
From a physiological standpoint, mitochondrial "ROS emission" is the fraction of produced ROS that escapes detoxification and that is capable of inflicting damage to the cell components. For physical chemistry, however, the process of damaging cell constituents is just competing reaction(s) that diverts some ROS from the removal pathways, similar to exogenous ROS detection systems discussed above. The problem is that assessing it directly with a conventional ROS detection system is not possible without changing it (see above). This constitutes what we propose to call an uncertainty principle for ROS emission (borrowing the term from quantum physics and using it in a somewhat similar sense). It should be noted, however, that the inability to measure ROS emission does not preclude measuring separately ROS generation and ROS removal capacities of mitochondria or other ROS metabolizing organelles (see below).
On the other hand, the chemistry approach suggests that a "steady state" level (as opposed to a rate of change) of ROS could be a better measure of the physiological "ROS emission". Indeed, according to mass action law the rate of an elementary reaction (including mechanistic steps of "infliction of damage") is proportional to the concentration of reactant. Hence, knowledge of the ROS concentration would allow one to infer the rates of the damaging processes. This requires methods of detection that are practically devoid of ROS removal activity. In other words, the method must be based on a reversible binding of ROS. The ideal tool would have a low affinity and high intensity of response (i.e. for optical probes, to be very bright).
The knowledge of physiological "ROS emission" per se, however, would not allow identifying targets of oxida tive injury or determine extent of the damage, and whether it is above the threshold of a biological effect. Secondary readouts, such as modification of cellular components, signaling processes and/or biological func tion, are necessary to complete the picture of oxidative stress.
Spatiotemporal complexity of the cellular oxidative stress is poorly resolved by most conventional methods and approaches. ROS production is localized to specific sites, whereas the majority of detection systems measure average (or bulk) ROS emission. Localizing the ROS source requires a detection system that can be targeted to various subcellular compartments/locations. Genetically encoded fluorescent indicators (GEFIs) fulfill this requirement (discussed in the next section).
NOVEL APPROACHES TO EVALUATE SPATIOTEMPORAL LEVELS OF H 2 O 2 in situ AND in vivo
Although this review was meant to describe the recent advances in studies of ROS metabolism in mito chondria, it would be incomplete without at least a brief look at the arsenal of research tools. To date, fluorogenic probes remain the workhorses in these studies.
Reliable measurement of superoxide is quite difficult because of its short half life and compartmentalization. More stable and membrane permeable hydrogen peroxide can be readily measured using H 2 O 2 specific enzyme HRP and a variety of its fluorogenic substrates [79] . It should be noted that measurement of ROS generation in these assays requires internal calibration [80] . ROS removal can be measured separately [24] or determined from the same internal calibration. Currently, Amplex Red (10 acetyl 3,7 dihydroxyphenoxazine) and its [82, 83] that showed no reactivity towards hydrogen peroxide in the absence of enzyme [84, 85] . Additionally, the acetylated compound had to be convert ed to non fluorescent active probe DCF by alkaline hydrolysis prior to the assay [82 85] . Further research demonstrated that HRP can be substituted with iron containing porphyrin hematin [84] but with a shift of DCF/peroxide stoichiometry from 2 : 1 [86] to 1 : 1 [84] and with extremely slow response times. Exact kinetics of the hematin catalyzed reaction was not reported, but conversion of 500 pmol hydrogen peroxide required 40 min at 50°C [84] . The rate of conversion was rather constant, so we can estimate it at ~12.5 pmol/min, which is much lower than rates of most ROS producing reac tions. Substituting HRP with divalent iron somewhat improved the response time (the assay completion required "only" 5 15 min at 37°C) [85] but at the expense of a significant loss of specificity towards H 2 O 2 [85] .
It should be noted that in the vast majority of current publications DCF DA is employed in the absence of any peroxidase catalyst (HRP, hematin, or iron) and without prior deacetylation, therefore, relying on unknown endogenous components to catalyze the two requisite reactions. Unless these (unknown) catalytic activities exceed by far the ROS generation rate, DCF DA would report these activities rather than the ROS production rate. For example, it has been observed that in submito chondrial particles HRP increased the apparent rate of ROS production several fold [42] . This meant that the endogenous peroxidase activity was insufficient to match the ROS generation rate, and the use of DCF DA in the absence of HRP was not justified. Moreover, if the endogenous activities change with time or between treat ed and untreated samples, one might observe false posi tive "oxidative stress" events.
Recent methodological progress in ROS research originates from advances in development of GEFIs. While there are several commercially available ROS sen sitive GEFIs, we will focus only on one class of these pro teins, HyPer, which were among the first developed and, in our opinion, remain the best studied, most selective, widely used, and versatile GEFIs. The design of HyPer family H 2 O 2 sensors is based on E. coli transcription regulator OxyR that selectively sens es tiny amounts of H 2 O 2 by its regulatory domain, OxyR RD [87] . OxyR RD contains several Cys residues, two of which are critical for H 2 O 2 sensing. The Cys199 has low pK a , and it is positioned in a hydrophobic surrounding [88] . The most important feature of HyPer (and other GEFIs) is that it is a protein and can be genetically manipulated. Hence, by simply adding a subcellular localization tag to the protein sequence, it is possible to target it to a specific compartment of the cell, such as the nucleus, mitochondrial compartments, peroxisomes [93] , or other cell compartments for which the protein target ing sequence is known. Moreover, it can be fused with various proteins of interest, therefore ensuring sub com partmental measurement of H 2 O 2 [94] .
Recently, two enhanced versions of HyPer have been developed, namely HyPer 2 [95] and HyPer 3 [92] . Moreover, a red fluorescent version of HyPer is now avail able. This probe has been recently used to detect the real time mitochondrial H 2 O 2 production upon inhibition of the ER SERCA Ca 2+ pump [96] . It should be noted that there are serious limitations of HyPer. First, the midpoint potential of the redox active Cys pair in the OxyR domain is -185 mV [87] . Thus, HyPer can be used only in the relatively reducing environment of the nucleocytoplasmic compartment [91, 93, 94] , mitochondria [91, 93] , and peroxisomes [93, 97, 98] ; it is not suitable for use in the relatively oxidized environment of the lumen of the endoplasmic reticulum. Second, the chromophore of wtGFP contains a Tyr residue that can be either protonated (neutral) or depro tonated (anionic) [99 101] . In pH sensitive proteins, the chromophore environment is organized in a way that allows proton transfer from the chromophore Tyr to the media [100] . Therefore, changes in pH lead to changes in chromophore protonation. Most cpYFPs have a chro BIOCHEMISTRY (Moscow) Vol. 80 No. 5 2015 mophore connected to the surrounding milieu. This means that these H 2 O 2 probes are also pH sensitive, and HyPer is no exception to this rule. Its 420 and 500 nm excitation peaks correspond to protonated and anionic forms of the chromophore, respectively. Acidification of the environment leads to an increase in the protonated form (ex. 420 nm) and a decrease in the deprotonated form (ex. 500 nm), thereby mimicking a reduction of the probe [91] . Alkalization, in contrast, mimics an oxidation of HyPer. This pH sensitivity can result in pH driven arti facts, especially inside the matrix of mitochondria, where pH fluctuations can be high and the pH value in the matrix is close to the pK a of the sensor. To address the pH sensitivity issue, several versions of HyPer were recently developed on the base of pH stable fluorescent proteins (Dr. Belousov, unpublished results). Three colors, blue, green, and red, are now available. All of the new probes have superior pH stability as compared to previous HyPer versions. Moreover, green and red probes are of excep tional brightness (140 and 80% compared to EGFP, respectively), making them the brightest of all other con temporary GEFIs. This new generation of HyPer family of H 2 O 2 sensors appears to be the most robust tool so far to study the spatiotemporal relationships between intra cellular ROS sources and targets, to further our under standing of the role of mitochondria in oxidative stress.
This review emphasizes the progress that has been made over the last decade in understanding the sources and mechanisms of ROS production in mitochondria, but the story is far from over. There is still no well developed technology to evaluate the capacity and significance of these sources in cells and tissue. There is still no under standing of the role of mitochondrial ROS in living beings. What are the relevant ROS sources under relevant conditions, what are the rates of ROS generation, what is the damage or physiological responses it causes? These questions remain to be answered by future research.
The endogenous antioxidant system of mitochondria is efficient and potent, and reasonably well studied. What remains to be found is its true capacity under "real life" conditions, how it is regulated, and how the ability to detoxify endogenous and exogenous ROS defines the role of mitochondria in cell signaling and pathological processes. The exciting new tools that were developed over the last decade, such as GEFIs discussed above, will certainly help to move this research from chopped tissue and extracted mitochondria in a test tube to the more physiological level and will advance our understanding of mitochondrial ROS metabolism in situ. The new genera tions of mitochondria targeted antioxidants such as those developed by Murphy's [12] and Skulachev's [13] groups promise to become indispensable in researching the role of mitochondrial ROS metabolism at the level of organ isms and give us a valuable pharmacological tool to treat oxidative stress related pathologies.
What emerges in the light of dawn we are still discov ering bit by bit. Is the evil as deadly as it seemed? Are there other dangers we have overlooked? Are we close to understanding the role of mitochondria in ROS metabo lism? Are we winning the battle?
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